Extensive striatal neuronal loss occurs in Huntington's disease (HD), which is caused by an expanded polyglutamine tract in huntingtin (htt). Evidence suggests that mutant htt directly or indirectly compromises mitochondrial function, contributing to the neuronal loss. To determine the role of compromised mitochondrial function in the neuronal cell death in HD, immortalized striatal cells established from Hdh Q7 (wild-type) and Hdh Q111 (mutant) mouse knock-in embryos were treated with 3-nitropropionic acid (3-NP), a mitochondrial complex II toxin. 3-NP treatment caused significantly greater cell death in mutant striatal cells compared with wild-type cells. In contrast, the extent of cell death induced by rotenone, a complex I inhibitor, was similar in both cell lines. Although evidence of apoptosis was present in 3-NP-treated wild-type striatal cells, it was absent in 3-NP-treated mutant cells. 3-NP treatment caused a greater loss of mitochondrial membrane potential (Dwm) in mutant striatal cells compared with wild-type cells. Cyclosporine A, an inhibitor of mitochondrial permeability transition pore (PTP), and ruthenium red, an inhibitor of the mitochondrial calcium uniporter, both rescued mutant striatal cells from 3-NP-induced cell death and prevented the loss of Dwm. These data show that mutant htt specifically increases cell vulnerability to mitochondrial complex II inhibition and further switched the type of cell death induced by complex II inhibition from apoptosis to a non-apoptotic form, caused by mitochondrial membrane depolarization, probably initiated by mitochondrial calcium overload and subsequent PTP opening. These findings suggest that impaired mitochondrial complex II function in HD may contribute to non-apoptotic neuronal cell death.
INTRODUCTION
Huntington's disease (HD) is a dominantly inherited disorder characterized by a progressive loss of neurons in the striatum (1) . The mutation causing HD is a CAG repeat expansion in the gene encoding huntingtin (htt) (2) .
The pathogenic mechanisms by which mutant htt causes neuronal cell death remain uncertain. Although htt is expressed ubiquitously (3, 4) , the striatum is most affected in HD (1, 5) . Further, it is unclear whether neurons die by apoptotic or nonapoptotic processes. Markers of apoptosis have been found in HD postmortem brain and in the R6/2 transgenic HD mouse model (6) , and treatment with caspase inhibitors or the use of dominant negative caspase 1 slowed disease progression in R6/2 mice (7, 8) . On the other hand, overexpression of dominant-negative caspase-1 in HD knock-in mice failed to alter the timing of early disease events (9) . Further, in knock-in mouse models of HD, evidence of apoptosis is absent (10, 11) .
Mitochondria play an important role in both apoptotic and non-apoptotic cell death (12) . In apoptosis, the release of cytochrome c from mitochondria initiates a caspase-dependent apoptotic cascade (13) (14) (15) (16) . Non-apoptotic cell death is mainly associated with the loss of mitochondrial membrane potential (Dcm) (12) . Loss of Dcm can be due to permeability transition pore (PTP) opening (17) , and mitochondrial calcium overload is an important factor in PTP opening (18) . Interestingly, in terms of specific mitochondrial changes, there is no distinct boundary between apoptotic and non-apoptotic cell death. For example, *To whom correspondence should be addressed. Tel: þ1 2059342465; Fax: þ1 2059343709; Email: gvwj@uab.edu mitochondrial membrane depolarization occurs in many apoptotic cell death models (19, 20) , while in non-apoptotic cell death, cytochrome c release is not uncommon (21) .
One proposed mechanism for the selective neuronal loss in HD is mitochondrial dysfunction. In HD abnormalities in mitochondrial oxidative metabolism exist (22) and increased stressinduced mitochondrial depolarization is observed (23) . Selective decreases in the activity of mitochondrial complex II and III in the striatum of HD cases have been reported (24, 25) . Interestingly, no deficiencies in the activity of mitochondrial respiratory chain enzymes were observed in brain regions relatively spared in HD (25) and in platelets from HD cases (24) . These findings suggest that the selective impair of mitochondrial respiratory function in the striatum may play a role in the pathogenesis of HD. Mitochondrial complex II inhibitors such as 3-nitropropionic acid (3-NP) or malonate have been found useful in producing animal models of HD (26) (27) (28) . These data further support the hypothesis that deficits in mitochondrial complex II may play a role in the specific vulnerability of striatum in HD. Mitochondrial calcium abnormalities occur early in HD and may also contribute to the pathogenic cascade in HD (29) . In vitro, polyglutamine constructs can directly promote mitochondrial deenergization during graded calcium load (30) .
Given these previous findings the goal of this study was to determine the consequences of compromised mitochondrial function in immortalized striatal cells that were established from Hdh Q7/Q7 (wild-type) and homozygous mutant Hdh
knock-in mouse embryos (31) . We demonstrate that although mitochondrial complex II inhibition results in apoptotic cell death in wild-type striatal cells, mutant striatal cells die by a nonapoptotic process involving mitochondrial calcium overload, PTP opening and mitochondrial membrane depolarization.
RESULTS

Mutant htt specifically increases cell vulnerability to a mitochondrial complex II inhibitor
To determine if mutant htt selectively sensitizes cells to mitochondrial complex II inhibition, human SH-SY5Y neuroblastoma cell lines stably overexpressing htt with 23 (FL-Q23) or 82 (FL-Q82) glutamine repeats were treated with 3-NP, an irreversible mitochondrial complex II inhibitor (32) . Treatment with 3-NP resulted in a significantly greater increase in cell death in FL-Q82 cells than in FL-Q23 cells (Fig. 1A) . When FL-Q23 and FL-Q82 cells were treated with rotenone, a mitochondrial complex I inhibitor, there was no significant difference in cell death between these two cell lines (Fig. 1B) . Under basal conditions, no significant difference in the extent of cell death was observed between these two cell lines. These findings clearly indicate that the expression of mutant htt selectively potentiated the inhibition of complex II-induced cell death. To further determine if mutant htt has the same effect when it is expressed at endogenous levels and in an HD-appropriate neuronal context, conditionally immortalized wild-type and mutant striatal cells were incubated in the absence or presence of 3-NP prior to the measurement of cell death. These cells display characteristics of medium spiny neurons, which are most vulnerable in HD, and therefore are an appropriate HD cell model (31) . In the absence of 3-NP the extent of LDH release was not significantly different between wild-type and mutant striatal cells ( Fig. 2A) . A previous study had shown that under basal conditions MTT reduction to formazan was significantly less in mutant striatal cells compared with wildtype cells (33) . However, the MTT assay is a general measure of the reducing capacity of the cell (both mitochondrial and non-mitochondrial) (34) and not a direct indicator of cell viability. Treatment with 3-NP resulted in a dose-dependent increase in the percent of LDH released, indicating increased cell death. However, cell death in mutant striatal cells was significantly greater than that in wild-type striatal cells in response to 3-NP treatment ( Fig. 2A) . Similar results were obtained when another cell death measurement, calcein AM uptake, was used (Fig. 2B) . Cell survival was also determined by cell counts and in agreement with the previous measures, revealed a significant decrease in the survival of 3-NP treated mutant cells, compared with their wild-type counterparts (Fig. 2C ). These findings are also in agreement with a previous report showing that 3-NP-treatment resulted in greater cell loss in mutant striatal cells compared with wild-type cells (33) . In contrast, there was no difference in the extent of cell death when wild-type and mutant striatal cells were treated with rotenone, a mitochondrial complex I inhibitor (Fig. 2D ). Thus, in two different cellular models, mutant htt selectively potentiated cell death induced by inhibition of complex II activity; however, given the fact that the immortalized striatal cells represent a more accurate HD model system, all subsequent experiments were carried out using these cell lines.
3-NP treatment results in apoptotic chromatin condensation only in wild-type striatal cells
The striatum is the primary area of neuronal degeneration in HD (5) and the mechanism of this selective pattern of neurodegeneration is not clear. Despite substantial evidence from in vitro studies that connects mutant htt with the neuronal death in HD, evidence of apoptosis in HD cases and in mouse models of HD remains limited. Indeed, a non-apoptotic neurodegenerative pathway has been proposed (35, 36) . Therefore we next investigated if there was evidence of apoptosis in wildtype and/or mutant striatal cells treated with 3-NP. Cells were incubated in the absence or presence of 3-NP and then stained with DAPI to visualize chromatin condensation, a characteristic change in apoptosis. As expected, there were no apoptotic nuclei in either wild-type or mutant striatal cells under control conditions (Fig. 3) . In contrast, incubation of the wild-type striatal cells with 3-NP resulted in the presence of prominent apoptotic nuclear condensation, which was not detected in the mutant striatal cells (Fig. 3) . Given the fact that 3-NP treatment results in a higher rate of cell death in mutant striatal cells compared with wild-type cells (Fig. 2) , these data suggest that 3-NP treatment of mutant striatal cells results in non-apoptotic cell death.
whether cell death induced by complex II inhibition is apoptotic, wild-type and mutant striatal cells were incubated in the absence or presence of 3-NP prior to isolating cytosolic and mitochondrial fractions and probing for cytochrome c. No cytochrome c was detected in the cytosol in either cell line under control conditions (Fig. 4) . However, in the wild-type striatal cells 3-NP treatment increased cytochrome c levels in the cytosol with a concomitant decrease of cytochrome c in the mitochondrial fraction. In contrast, no cytochrome c release was detected in the 3-NP treated mutant striatal cells (Fig. 4) .
3-NP treatment results in caspase-9 activation, caspase-3 activation and PARP cleavage in wild-type striatal cells but not in mutant striatal cells Release of cytochrome c from the mitochondria results in the processing of pro-caspase-9 into its active fragment (13) . Active caspase-9 subsequently converts pro-caspase-3 into its active form (14, 15) , which in turn cleaves a set of cellular substrates, including PARP (39), a DNA repair enzyme (16) . Therefore we next investigated whether 3-NP treatment resulted in downstream events in the apoptotic cascade, such as caspase activation and PARP cleavage. Wild-type and mutant striatal cells were incubated in the absence or presence of 3-NP prior to collecting and immunoblotting for the proform of caspase-9, active caspase-3 or cleaved PARP. In the absence of 3-NP no active caspase-3 or cleaved PARP was detected in either cell line (Fig. 5A) . Incubation of the wildtype striatal cells with 3-NP resulted in the presence of active caspase-3 and cleaved PARP, and a decrease in the levels of the pro-form of caspase-9, indicating that caspase-9 was activated (Fig. 5A) . In contrast, when mutant striatal cells were incubated with 3-NP under identical conditions, no increase in the levels of active caspase-3 or cleaved PARP was observed and there was no change in the levels of the pro-form of caspase-9 (Fig. 5A ).
Caspase-3 activity was also quantitatively measured in wildtype and mutant striatal cells incubated in the absence or presence of 3-NP. These results revealed that 3-NP treatment resulted in a significant increase in caspase-3 activity in wildtype striatal cells, while no increase was observed in mutant striatal cells (Fig. 5B) . Given the possibility that 3-NP-induced capase-3 activation may occur earlier in the mutant striatal cells than in the wild-type striatal cells, caspase-3 activity was also measured at 5, 14 and 24 h after addition of 3-NP. No 3-NPinduced increase in caspase-3 activity was observed in the mutant striatal cells at any of these time points (data not shown). Taken together, all these results clearly demonstrate that the cell death induced by 3-NP in mutant striatal cells is non-apoptotic in contrast to the apoptotic cell death that occurs in wild-type striatal cells.
To further determine the contribution of the apoptotic pathway to the 3-NP-induced cell death, wild-type and mutant striatal cells were incubated with 3-NP in the absence or presence of Boc-D(Ome)-FMK (BAF), a broad-spectrum caspase inhibitor (40) , prior to the measurement of cell viability. BAF pre-treatment significantly decreased 3-NPinduced cell death in wild-type striatal cells, but had no effect on 3-NP induced cell death in mutant striatal cells (data not shown).
3-NP treatment results in a greater decrease in Dwm in mutant striatal cells compared to wild-type striatal cells
Mitochondrial membrane depolarization can result in cell death (41, 42) and is suggested to be involved in selective neuronal death in HD (29) . To investigate whether inhibition of complex II results in mitochondrial depolarization, wild-type and mutant striatal cells were incubated in the absence or presence 3-NP and Dcm was measured with JC-1. Under control conditions, both wild-type ( Dcm. In the wild-type striatal cells (Fig. 6A ), treatment with 3-NP did not noticeably reduce the presence of the red JC-1 aggregates. In contrast, in mutant striatal cells, 3-NP treatment resulted in a dramatic decrease of red JC-1 aggregates (Fig. 6B ), indicating that the mitochondria are depolarized. Further, we took advantage of the fact that the ratio of JC-1 aggregates to monomers staining is independent of cell number or mitochondrial density to quantitatively measure changes in Dcm (43) in wild-type and mutant cell lines that were incubated in the absence or presence of 3-NP. Quantitated data revealed that 3-NP treatment resulted in only a moderate decrease of Dcm in wild-type striatal cells (Fig. 6C) , and further the decrease of Dcm was similar in cells incubated with 10 or 20 mM 3-NP, suggesting that wild-type striatal cells are able to maintain their Dcm. In contrast, 3-NP treatment of mutant striatal cells resulted in a significant and dose-dependent decrease of the Dcm (Fig. 6C ).
Inhibition of mitochondrial Ca 2þ influx reduces 3-NP-induced cell death in mutant and wild-type striatal cells
Several studies have suggested calcium disturbances are involved in the pathophysiological mechanisms of HD (44, 45) , and mitochondrial calcium overload, which leads to mitochondrial membrane depolarization is believed to cause Wild-type and mutant striatal cells were treated with 3-NP for 40 h, and cell death was measured by LDH release. LDH release in mutant striatal cells was significantly greater than in wild-type striatal cells. MeanAE SEM, n ¼ 3, *P < 0.05 when comparing LDH release between these two cell lines at 10 and 20 mM 3-NP. (B) Wild-type and mutant striatal cells were treated with 3-NP for 40 h, and cell death was measured by calcein-AM. Cell death in mutant striatal cells was significantly greater than in wild-type striatal cells with 20 mM 3-NP. MeanAE SEM, n ¼ 3, *P < 0.05 when comparing cell death between these two cell lines. (C) Wild-type and mutant striatal cells were incubated in the absence or presence of 3-NP for 40 h, then stained with DAPI and cell number was determined. The number of surviving mutant striatal cells was significantly lower than that of wild-type striatal cells in response to 20 mM 3-NP treatment. Data is expressed as the proportion of cells present in the 3-NP treated wells, relative to parallel untreated wells. MeanAE SEM, n ¼ 3, *P < 0.05 when comparing the percentage of surviving cells between these two cell lines. (D) Wild-type and mutant striatal cells were treated with rotenone for 20 h, and cell death was measured using calcein-AM. There was no significant difference in cell death between these two cell lines in response to rotenone. MeanAE SEM, n ¼ 3. uniporter (47) , prior to the measurement of cell death. Ruthenium red significantly decreased cell death in 3-NPtreated mutant striatal cells (Fig. 7A) . Although ruthenium red also reduced cell death in the 3-NP treated wild-type cells, it was to a much lesser extent than what was observed in the mutant striatal cells (Fig. 7A) . We next examined whether ruthenium red rescued cells from death by preventing the 3-NPinduced mitochondrial depolarization by using JC-1. Quantitated data revealed that ruthenium red treatment prevented the 3-NP-induced decrease of JC-1 ratio in mutant striatal cells (Fig. 7B) . Although ruthenium red also had an effect in wild-type striatal cells, it was to a much lesser extent than what was observed in the mutant striatal cells (Fig. 7B ). These findings demonstrate that inhibiting mitochondrial calcium influx prevented the 3-NP-induced mitochondrial depolarization.
Inhibition of permeability transition pore (PTP) rescued 3-NP-induced cell death in mutant striatal cell 3-NP treatment results in mitochondrial membrane depolarization in mutant striatal cells (Fig. 6 ). Mitochondrial depolarization during cell death has been reported to be partially due to the opening of the PTP (48) . To test whether the opening of the PTP contributed to 3-NP-induced cell death, wild-type and mutant striatal cells were treated with 3-NP with or without coincubation with cyclosporine A (CsA), an inhibitor of PTP (49), prior to the measurement of cell death. CsA significantly decreased cell death in 3-NP treated mutant, but not wild-type striatal cells (Fig. 8A) . We next examined whether CsA rescued cells from death by preventing the 3-NP-induced decrease in Dcm. Wild-type and mutant striatal cells were treated with 3-NP in the absence or presence of CsA, prior to incubation with JC-1 to detect changes in Dcm. Quantitated data revealed that CsA treatment prevented the 3-NP-induced decrease of JC-1 ratio in mutant striatal cells but not wild-type striatal cells (Fig. 8B) . The effects of CsA on 3-NP-induced cytochrome c release were also examined. Wild-type and mutant striatal cells were treated with 3-NP in the absence or presence of CsA, and then cytosolic fractions were isolated and probed for cytochrome c. In the wild-type striatal cells, CsA treatment did not prevent cytochrome c release induced by 3-NP, while in mutant striatal cells no cytosolic cytochrome c was detected under any condition (Fig. 8C) .
DISCUSSION
The results of this study demonstrate that striatal cells derived from a precise genetic mouse model for HD are selectively vulnerable to mitochondrial complex II inhibition resulting in non-apoptotic cell death. Inhibition of mitochondrial PTP by CsA, and blockade of the calcium uniporter by ruthenium red, both protected mutant striatal cells from the 3-NP-induced toxicity. Further the 3-NP-induced loss of Dcm, which occurred primarily in the mutant striatal cells, was ameliorated by both ruthenium red and CsA treatment. Taken together these results indicate that mutant htt facilitates cell death by reducing the threshold for calcium-mediated opening of the mitochondria PTP. Both overexpression of mutant htt in human neuroblastoma cells and expression of mutant htt at endogenous levels in striatal cells resulted in selective vulnerability to a mitochondrial complex II inhibitor (3-NP), but not a complex I inhibitor (rotenone). These findings are in agreement with a previous study that showed 3-NP treatment resulted in a greater cell death in mutant striatal cells compared with wild-type striatal cells (33) . These results suggest that mutant htt specifically impairs the functioning of mitochondrial complex II. However, reports have indicated that the R6/2 mouse model of HD shows both increased (50) and decreased (51) resistance to 3-NPinduced striatal toxicity. Although the reasons for the discrepancies between these two studies is unclear, it should be noted the R6/2 mice overexpress exon 1 of the htt gene with $150 glutamine repeats (52) , in contrast to the model system used in this study where the striatal cells were derived from a mutant htt knock-in mouse (53) , a more precise genetic HD model system. Therefore, it can be suggested that expression of the mutant protein at physiological relevant levels provides a more appropriate model system to evaluate alterations in metabolic processes. In this study we provide convincing evidence that mutant htt specifically increases vulnerability to 3-NP. The mechanism by which mutant htt compromises the function of complex II has not yet been established. Interestingly, several genes that encode for mitochondrial metabolic proteins were among those that were decreased in HD mouse models (54) (55) (56) . Therefore, it can be hypothesized that mutant htt, by affecting the transcriptional regulation of specific genes, may impact the expression and/or function of one of the four subunits of mitochondrial complex II (57), proteins involved in moving the subunits through the cytosol and targeting them to the mitochondria for import and/or the proteins that are involved in folding the catalytic subunits in the mitochondrial matrix (58, 59) . In addition to affecting transcriptional processes, mutant htt could also directly affect protein transport (60, 61) and/or mitochondrial protein import processes (29, 30 ) that could impact complex II function. Further research is required to elucidate the exact mechanism by which mutant htt selectively impairs mitochondrial complex II activity in HD.
In the present study inhibition of complex II resulted in significantly greater cell death and mitochondrial membrane depolarization in mutant striatal cells than that in wild-type cells. The 3-NP-induced cell death in the mutant striatal cells was non-apoptotic as evidenced by the fact that there was no cytochrome c release or caspase activation and BAF, a potent caspase inhibitor, failed to prevent the 3-NP-induced cell death. Apoptosis can also be caspase independent, due to apoptosis inducing factor (AIF) being released from the mitochondria and relocating into the nuclei (62). However no 3-NP-induced AIF nuclear translocation was observed in either cell line (data not shown). Together, these results show that death of the mutant striatal cells induced by mitochondrial complex II inhibition is non-apoptotic. Treatment with thapsigargin, an inhibitor of endoplasmic reticulum Ca 2þ -ATPase, resulted in caspase-3 activation in both wild-type and mutant striatal cells (data not shown). These data indicate that mutant striatal cells have the capacity to die by apoptosis. Therefore it can be postulated that a deficit in mitochondrial complex II activity specifically switched the 3-NP-induced cell death in the mutant striatal cells from an apoptotic to a non-apoptotic form.
Given that mutant striatal cells died via a non-apoptotic process, the pronounced loss of Dcm likely plays a significant role in the increased vulnerability of mutant striatal cells to 3-NP-induced toxicity. The decrease of Dcm can be caused by the opening of the PTP (17) . In vitro, rat brain mitochondria maintain both NAD(P)H reduction and Dcm during continuous calcium loading until PTP opening (63) . Indeed, CsA, a potent inhibitor of PTP opening protected the mutant striatal cells against the 3-NP-induced loss of Dcm and cell death.
Mitochondrial calcium overload appears to be an essential factor in PTP opening (18) . In a transgenic mouse model of HD there is data to suggest that the calcium buffering capacity of the neurons expressing mutant htt is impaired (64), and mitochondria from HD patients depolarize at lower calcium levels and exhibit a reduction in calcium retention capacity (29) . Further, incubation of normal mitochondria with a Q62-GST fusion protein resulted in the mitochondria depolarizing at lower calcium concentrations than mitochondria incubated with GST alone or a Q19-GST fusion protein (30) . PTP is composed of the adenine nucleotide translocase (ANT), cyclophilin D (a cis-trans proline isomerase), the voltage dependent anion channel (VDAC) and other proteins (18) . Calcium binding to the ANT within the mitochondrial matrix results in a conformational change that is catalyzed in part by cyclophilin D resulting in PTP opening and subsequent loss of Dcm (18) . Therefore, mutant htt may sensitize striatal cells to 3-NPinduced cell death by directly or indirectly facilitating PTP opening, possibly by allowing calcium to bind the ANT at a lower concentration (18) .
The fact that both inhibition of the calcium uniporter and PTP opening (18) effectively blocked 3-NP-induced cell death in the mutant cells strongly implicates calcium overload and PTP opening as key events in the cell death process. Ruthenium 
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red also restored the Dcm in mutant striatal cells treated with 3-NP, further substantiating the hypothesis that abnormalities in calcium handling sensitize mutant striatal cells to 3-NPinduced toxicity through a mechanism involving mitochondrial membrane depolarization. Intriguingly, mitochondria isolated from striatum are more sensitive to calcium-induced PTP opening than cortical mitochondria (65) , differences that may contribute to the selective cell death of striatal neurons that occurs in HD. The 3-NP-induced cell death of wild-type striatal cells did not involve PTP opening, as inhibitor of PTP by CsA, did not prevent cell death. It should also be noted that in another study CsA did not protect against 3-NP-induced cell death in rat neuronal RN33B cells (66) , demonstrating that the cell death may be independent of PTP opening. Since in wild-type striatal cells, ruthenium red, an inhibitor of calcium influx, only modestly decreased 3-NP-induced cell death, this would suggest that a moderate mitochondrial calcium influx might contribute to this cell death, although to a significantly lesser extent than that in mutant striatal cells.
There have been debates about whether release of cytochrome c is through the opening of PTP and subsequent mitochondrial membrane depolarization. Although some studies show that opening of PTP is an essential component in the signaling pathway for cytochrome c release (67) , there is also data demonstrating that release of cytochrome c does not necessarily require PTP opening (68) . Intriguingly, in isolated liver mitochondria calcium-induced PTP opening is essential for cytochrome c release, however in brain mitochondria cytochrome c is released through a mechanism that does not require PTP opening (69) . In agreement with these findings, we found that cytochrome c release and PTP opening are two independent processes in striatal cells. In mutant striatal cells, although 3-NP treatment resulted in PTP opening, no cytochrome c release was observed. In contrast, in wild-type striatal cells 3-NP treatment resulted in a significant amount of cytochrome c being released to the cytosol, with only a minimal loss of Dcm. These data clearly demonstrate that loss of Dcm and the release of cytochrome c are not necessarily associated.
It is well established that ATP thresholds are an important factor in determining whether a cell will die by an apoptotic or non-apoptotic pathway (12) . In the mutant striatal cells, ATP levels are lower than in the wild-type cells (33) , and mitochondrial complex II activity and mitochondrial respiration using succinate as a substrate are significantly decreased in the mutant striatal cells compared with the wild-type cells (unpublished observations, T. Milakovic and G.V.W. Johnson). These data suggest that the presence of mutant htt affects the functioning of complex II. Therefore it can be speculated that the 3-NP treatment of the mutant striatal cells results in ATP levels that are below the threshold required for apoptosis and hence they 'abort' to a non-apoptotic program. However, ATP depletion alone is not the direct cause of the death of the mutant striatal cells in response to 3-NP, rather it is one variable that determines which cell death pathway will be taken. So what actually causes the enhanced non-apoptotic cell death in 3-NP treated striatal cells? It seems that the impaired ability of the mitochondria in cells expressing mutant htt to handle calcium is an essential factor in this process (29, 30) . Inhibition of calcium influx or inhibition of the PTP opening offered remarkable protection against 3-NP-induced cell death in the No active caspase-3 or cleaved PARP was detected in either cell line under control conditions. After 3-NP treatment, active caspase-3 and cleaved PARP was present in wild-type striatal cells but not in mutant striatal cells. In the wild-type striatal cells, treatment with 3-NP resulted in a decrease in the levels of the pro-form of caspase-9, indicating that caspase-9 is cleaved and activated. In mutant striatal cells, no change in the levels of the proform of caspase-9 was detected in response to 3-NP treatment. Immunoblots shown are representative of three to six independent experiments. (B) 3-NP treatment led to a significant increase of caspase-3 activity in wild-type striatal cells, but not in mutant striatal cells. Results are expressed as a percent of caspase-3 activity in cells under control conditions. MeanAE SEM. n ¼ 3. *P < 0.05 when compared with cells under control conditions.
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mutant striatal cells, clearly demonstrating the importance of calcium overload and PTP opening in the death cascade. Therefore it is likely that the combination of impaired complex II activity and the associated decrease in ATP production, and impaired calcium handling by the mitochondria may increase the sensitivity of mutant striatal cells to 3-NP toxicity resulting in non-apoptotic cell death.
In conclusion, these studies show that mutant htt specifically increases cell vulnerability to mitochondrial complex II inhibition. Further, the presence of mutant htt 'switches' the type of cell death from predominantly a controlled apoptotic process to a non-apoptotic process involving mitochondrial calcium overload followed by opening of the PTP, resulting in loss of mitochondrial membrane potential.
MATERIALS AND METHODS
Materials
3-NP (Sigma, St Louis, MO, USA) was dissolved in distilled water and neutralized to pH 7.4 with NaOH, and it was freshly prepared each time before treatment. Ruthenium red (Sigma, St Louis, MO, USA) was prepared as a 1000Â stock in distilled knock-in mice expressing mutant htt with 111 glutamines (referred to as mutant striatal cells), were described previously (31) . The striatal cell lines were cultured at 33 C in Dulbecco's modified Eagle's medium (DMEM, Gibco, Gaithersburg, MD, USA) supplemented with 8% fetal bovine serum (Hyclone, Logan, UT, USA), 10 U/ml penicillin (Gibco, Gaithersburg, MD, USA), 100 mg/ml streptomycin (Gibco, Gaithersburg, MD, USA), and 2 mM L-glutamine (Gibco, Gaithersburg, MD, USA). Cells were grown in a humidified atmosphere containing 5% CO 2 .
FL-Q23 and FL-Q82 cells. Human SH-SY5Y neuroblastoma cell lines stably expressing full-length htt with 23 (FL-Q23) or 82 (FL-Q82) glutamine repeats have been described previously (70) . FL-Q23 and FL-Q82 cells were selected based on their resistance to G418, subcloned and maintained in RPMI 1640 medium (Gibco, Gaithersburg, MD, USA) supplemented with 2 mM L-glutamine, 10 U/ml penicillin, 100 mg/ml streptomycin, 5% fetal clone II serum (Hyclone, Logan, UT, USA), 10% horse serum (Gibco, Gaithersburg, MD, USA), and 100 mg/ml G418 (Gibco, Gaithersburg, MD, USA). Cells were grown in a humidified atmosphere containing 5% CO 2 at 37 C.
Cell viability measures
LDH assay. The release of the intracellular enzyme lactate dehydrogenase (LDH) into the medium was used as a quantitative measurement of cell viability. The measurement of LDH was carried out as described previously (71) .
Live cell assay. In some experiments, cell viability was determined by using the calcein-AM (Molecular Probes Inc., Eugene, OR, USA). Non-fluorescent calcein-AM is converted into green fluorescent calcein by intracellular esterases and indicates the presence of active cell metabolism (72, 73) . It is a well-established method and has been used to measure cell viability in neuronal cell models (74) . In each well of a 24 well plate 1.5 Â 10 5 cells were plated. After treatment, the cells were incubated with calcein-AM (final concentration of 1 mM) for 30 min at room temperature and the fluorescence was measured on a fluorescence plate reader (Bio-Tek, Winooski, VT, USA) set at 485 nm excitation and 528 nm emission. Cell viability was expressed as a percentage of the signal obtained from the cells exposed to vehicle only.
Cell counting. Cell number was determined as described previously (33) . In brief, cells were plated on four-chambered LabTek glass slides (Nalge-Nunc International, Rochester, NY, USA). After treatment, cells were fixed with 4% paraformaldehyde and incubated with 4 0 ,6-diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, OR, USA). DAPI-stained nuclei were counted using a Nikon Diaphot 200 epifluorescence microscope. Data were expressed as the proportion of nuclei counted in treated wells relative to nuclei counted in parallel untreated wells.
Apoptotic chromatin condensation determination
Cells were plated on glass coverslips coated with poly-D-lysine in Costar six-well dishes. After treatment, cells were rinsed once with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde at room temperature for 30 min. After fixation, cells were rinsed three times with PBS and incubated with 5 mg/ml DAPI for 10 min at room temperature in the dark. Cells were rinsed three times with PBS and once with sterile H 2 O before mounting upside-down onto a glass microscope slide with immuno-mount (Thermo Shandon, Pittsburgh, PA, USA). Nuclei were visualized using a Nikon Diaphot 200 epifluorescence microscope and a Digital Spot camera (Diagnostic Instruments Inc., Sterling Heights, MI, USA) was used to capture images which were digitally stored and displayed using accompanying software.
Immunoblotting
Cells were rinsed in ice-cold PBS and collected in lysis buffer, containing 0.5% NP-40, 150 mM NaCl, 10 mM Tris-Cl (pH 7.4), 1 mM EGTA, 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM okadaic acid, and 10 mg/ml each of aprotinin, leupeptin, and pepstatin. Samples were sonicated on ice for 10 s and centrifuged at 16 000g for 10 min. Protein concentrations of supernatants were then determined by the bicinchoninic acid assay (BCA; Pierce, Rockford, IL, USA) and samples were diluted to a final concentration of 1 mg/ml with 2Â reducing stop buffer (0.25 M Tris-HCl, pH 6.8, 5 mM EDTA, 5 mM EGTA, 25 mM dithiothreitol, 2% SDS, 10% glycerol and bromophenol blue as the tracking dye). Samples (20 mg of protein) were resolved on 10 or 12.5% SDS-polyacrylamide gels and transferred to nitrocellulose. Blots were blocked in 5% non-fat dry milk in TBST (20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 0.05% Tween 20) for 1 h at room temperature. The blots were then incubated with an anti-cleaved caspase-3 polyclonal antibody (Cell Signaling, Beverly, MA, USA), anti-caspase-9 (Cell Signaling, Beverly, MA, USA), or with the anti-cleaved PARP polyclonal antibody (Cell Signaling, Beverly, MA, USA) in the same buffer overnight at 4 C. The membranes were then washed three times with TBST and incubated with HRPconjugated secondary antibody for 2 h at room temperature. The membranes were rinsed three times for 30 min with TBST, followed by four quick rinses with distilled water, and developed with the enhanced chemiluminescence method (ECL; Amersham Pharmacia Biotech, UK).
Subcellular fractionation
Cells were rinsed in ice-cold PBS and collected in cavitation buffer (3 mM MgCl 2 , 250 mM sucrose, 1 mM EGTA, and 5 mM HEPES, pH 7.4) supplemented with 0.1 mM phenylmethylsulfonyl 
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fluoride, 1 mM okadaic acid, and 10 mg/ml each of aprotinin, leupeptin and pepstatin. Cells were then disrupted by N 2 cavitation for 5 min at 250 psi on ice, and the resulting cell lysate was centrifuged at 350g for 5 min at 4 C to eliminate nuclei, large debris and unbroken cells. The resulting supernatant was then centrifuged at 10 000g for 10 min at 4
C to obtain the heavy membrane pellet enriched for mitochondria, and the resulting supernatant was centrifuged at 100 000g for 1 h to remove any cellular debris and was used as the cytosolic fraction.
In situ caspase-3 activity
In situ caspase-3 activity was measured using a previously described protocol (75) . In brief, 200 ml of assay buffer (20 mM Hepes, pH 7.5, 10% glycerol, and 2 mM dithiothreitol) containing the peptide substrate for caspase-3 (AC-DEVD-AMC) was added to each well (final concentration of 25 ng/ml) of a 96-well clear bottom plate (Corning). Cell lysate (20 mg of protein) was added to start the reaction. Triplicate measurements were done for each sample. Background fluorescence was measured in wells containing assay buffer, substrate, and lysis buffer without the cell lysate. Assay plates were incubated at 37 C for 1 h, and fluorescence was measured on a fluorescence plate reader set at 360 nm excitation and 460 nm emission.
Detection of the mitochondrial membrane potential (Dwm)
Dcm was analyzed using 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1; Molecular Probes, Eugene, OR, USA) a lipophilic cationic fluorescence dye. JC-1 is driven into mitochondria in a membrane potentialdependent manner. At high mitochondrial membrane potentials, JC-1 accumulates sufficiently in the mitochondria to form aggregates that fluoresce red. At lower mitochondrial potentials, less dye enters mitochondria resulting in monomers that fluoresce green (76, 77) . For these studies cells were grown on 24-well plates. After treatment, cells were incubated with 5 mg/ ml JC-1 (made up as a 1 mg/ml stock in dimethyl sulfoxide) for 30 min at room temperature in the dark. Then cells were washed twice with PBS and fluorescence was measured on a fluorescence plate reader set at 485 nm excitation and 528 nm emission for green monomer or 530 nm excitation and 590 nm emission for red aggregate. Cells were also monitored with a Nikon Diaphot and images were captured with a Digital Spot camera using the same exposure time for all fields and displayed with its accompanying software.
Statistic analysis
Data were analyzed using Student's t-test. Values were considered significantly different when the two-tailed P-value was <0.05. Results are expressed as means AE SEM.
